Yarkant River is a tributary of Tarim River in China, and the basin lacks observational data. To investigate past climatic variations and predict future climate changes, precipitation, air temperature and runoff data from Kaqun hydrological station are analysed at monthly and seasonal scales using detrended fluctuation analysis (DFA). Results show that DFA scaling exponents of monthly precipitation, air temperature and runoff are 0.535, 0.662 and 0.582, respectively. These three factors all show long-range correlations. Their increasing trends will continue in the near future as the climate shifts towards warmer and more humid. Spring and winter precipitation exhibit long-range correlations and will increase in the future. In contrast, summer and autumn precipitation exhibits random fluctuations and does not show stable trends. Air temperature during all seasons exhibits long-range correlations and will continue to increase in the future. Runoff during the spring and summer exhibits weak antipersistence, but autumn and winter runoff show long-range correlations and increasing trends. The vertical distribution of precipitation was first analysed using observed data and climate reanalysis data.
INTRODUCTION
It is widely accepted that the global climate is changing, and the atmosphere is warming. Northern hemisphere air temperatures from 1983 to 2012 were higher than those over the past 1,400 years (IPCC ; Shen & Wang ) .
Furthermore, the hydrologic cycle is accelerating due to global warming. These changes can affect the water resource system, which is especially fragile in the arid areas of northwestern China, where rivers are mainly fed by melt water from snow and ice (Chen et al. ) . In this arid region, increases in precipitation have exceeded evaporation due to the accelerated hydrologic cycle; therefore, the climate is trending towards warmer and wetter conditions (Arnell ; Shi et al. ) . In southern Xinjiang, China, air temperature and precipitation have increased during the wet season. Simultaneously, climate warming has resulted in increases in snowline altitude and accelerated glacier melting (Gao et al. ) .
The Yarkant River is located in north-western China (Figure 1 ). The river originates in the Karakoram Mountains, which are characterized by a dry climate with intense evaporation. Thus, changes in precipitation and air temperature will significantly influence runoff and may inhibit the management and utilization of water resources in Xinjiang.
Several studies have focused on regional trends in water resources (Hao et al. ; Chen et al. , ; Wang & Qin ) . However, no comprehensive study has analysed recent hydrological trends or the distribution of precipitation in the Yarkant River Basin. Better understanding of the spatiotemporal trends in meteorological variables in the region will help improve projections of future water resources. The present study analyses trends in precipitation, air temperature and runoff.
As a key factor in the global water and energy cycles, spatially heterogeneous precipitation distributions can cause differences in plant populations among elevation zones.
The vertical distribution of precipitation in alpine areas is influenced by many factors, including elevation, topography, slope, aspect and water vapour source. Several studies have examined the vertical distribution of precipitation. Microwave Imager) data, and the distribution was shown to be closely associated with topography (Mu & Jiang ) .
Additionally, the relationship between precipitation and elevation was investigated based on rainfall data from eight meteorological stations located at different elevations on the north-eastern and south-western slopes of the northern Ailao Mountains (Zhang et al. ) . Conventional meteorological stations and hydrological stations in the Yarkant River Basin are rare, and most are located in lowaltitude valley or plain areas; no stations are located in high-altitude alpine areas. In 2012, an international science and technology cooperation programme entitled 'Detecting and warning of glacier lake floods of the Yarkant River' (2012DFA20520) was carried out, sponsored by the Chinese Ministry of Water Resources. As part of the project, the following three automatic monitoring stations were established: Kyagar at 4,810 m a.s.l.; Chahekou at 2,990 m a.s.l.; and Langan at 1,920 m a.s.l. The detailed information on the three stations is shown in Figure 1 and In this study, monthly and seasonal precipitation, air temperature and runoff data from 1955 to 2015 from the Kaqun hydrological station (see Figure 1 and Table 1) in Xinjiang, China, are analysed using DFA to predict the future trends in these variables. Detailed information on the Kaqun hydrological station is shown in Figure 1 and Table 1 . Additionally, the spatial distribution of precipitation in the Yarkant River Basin is analysed using observed data and the CMADS and CFSR reanalysis datasets. These datasets provide a scientific reference for further studies using hydrological models in the arid Yarkant Basin, which is expected to be affected by future climate change.
STUDY AREA AND MATERIALS

Study area
The Yarkant River originates from the Shenglidaban Glacier and the Kelechin River Valley on the northern slope of the Karakoram Mountains, Xinjiang, China. The basin (74 28 0 -80 54 0 E, 34 50 0 -40 31 0 N) is located on the southwestern margin of the Tarim Basin and is bordered by Table 1) were obtained from a previous study of early warning systems for glacier lake floods in the Yarkant River Basin ( Detailed site information is provided in Table 1 .
METHODS
Moving average method to remove seasonal cycles
The hydrological cycle is influenced by solar radiation.
Periodic variations in radiation can cause seasonal changes in hydrometeorological elements, as well as variations in flow conditions and air temperatures. The moving average method was used to remove seasonal cycles and weaken periodic fluctuations in precipitation, air temperature and runoff data that could significantly influence the results of long-range correlation analyses.
For a time sequence X(t) ¼ (x 1 ,x 2 , … ,x n ), the moving average (MA) can be calculated as follows (Qi ) :
where MA is the moving average, N is the period of fluctuations in the time sequence, and n is the total length of the time series. For a monthly series, N is equal to 12.
The centred moving average (CMA) is the average of MA and is calculated as follows:
The ratio of X(t) to the corresponding CMA is denoted as a scaling factor S, which can be calculated using the following expression: For a time sequence X(t) ¼ (x 1 , x 2 , Á Á Á , x n ), the cumulative deviation, denoted as y(i), is computed by the following equation, where x is the mean of the original sequence and given by x ¼ P n t¼1 x t , (t ¼ 1, 2, Á Á Á , n):
In the next step, the cumulative deviation sequence is divided into non-overlapping boxes of equal length using the following equation:
Because n is not always an integral multiple of s, the sequence y(i) is reversed and divided using the same 
The root-mean-square fluctuation is calculated as follows:
The DFA fluctuation function of order q for a given sequence is calculated as follows:
A reliable power law relationship between F(s) and s is determined, or a power law function is fitted using the least squares method, as follows:
Fluctuations with respect to the local trend are characterized by the scaling index α. Five different cases can be distinguished: (1) there are no correlations (e.g., white noise), and the sequence is an independent random sequence for α ¼ 0.5;
(2) the sequence is anti-persistent for 0 < α< 0.5, i.e., the data in the sequence are dependent;
(3) the sequence has long-range correlation for 0.5 < α< 1; i.e., the data in the sequence are independent, they exhibit the same trend, and the closer the exponent α is to 1, the greater the sustained strength of the trend; (4) the sequence is a noisy sequence with a spectrum of 1/f for α ¼ 1; or (5) the sequence is a brown noise sequence for α ! 1.5.
RESULTS AND DISCUSSION
Temporal distribution of hydrometeorological elements
Removing seasonal cycles using the moving average method
The results in Figure 2 show the monthly runoff data from Kaqun station from 1955 to 2015 (a total of 732 values) with seasonal cycles removed using the MA method. The runoff time series exhibits smoother behaviour over time, that is, the cyclic seasonal fluctuations decrease. The same process was applied to the precipitation and air temperature datasets.
Analysis of cumulative deviation
The 
DFA of monthly time series
Long-range correlations were calculated for monthly precipitation, temperature and runoff after removing the seasonal cycles. The fluctuation functions of the monthly time series are shown in Figure 4 . 
The results show linear correlation coefficients (R 2 )
between lgF(s) and lg(s) (see Equation (11)) of 0.930, 0.908 and 0.802 for precipitation, air temperature and runoff, respectively. All the correlations are significant. The DFA scaling exponents are 0.535, 0.662 and 0.582, which are all within the range of 0:5 < α < 1, indicating considerable long-range correlations. Therefore, all the variables (air temperature, precipitation and runoff) are likely to maintain the original trends in the near future, and the increasing trend in temperature contributes more to runoff than to precipitation. In combination with the cumulative deviation plots, these results suggest that precipitation, temperature and runoff will continue to increase in the future, with air temperature exhibiting the most notable change.
Analysis of seasonal cumulative deviations and DFA
Seasonal cumulative deviations in precipitation, temperature and runoff were analysed, and the results are shown in Figure 5 . (1) These results are consistent with those of previous studies (Liu & Wang ) .
DFA was also conducted for seasonal runoff (results not shown). The scaling exponents of seasonal runoff are 0.415, 0.473, 0.530 and 0.557 for spring, summer, autumn and winter, respectively. The scaling exponents in spring and summer are in the range of 0 < α < 0.5, indicating weak anti-persistence and strong randomness in the two seasons, and easily affected by local environment and external factors. The scaling exponents in autumn and winter range from 0.5 to 1 and reflect long-range correlations. Therefore, the runoff in autumn and winter is expected to continue to increase.
Spatial analysis of precipitation in the Yarkant River
Basin
Vertical distribution of observed precipitation
To investigate the accuracy and representativeness of the data from the Langan (2), Chahekou and Kyagar automatic monitoring stations, these data were compared with the data from three stations at similar elevations discussed in other references (Zheng & Zhang ; Zhang ; see Table 2 ). The variations in precipitation with elevation in 2013 and 2014 exhibit a consistent pattern. Precipitation increases with elevation below 2,000 m a.s.l. and the precipitation gradient is 26 mm/100 m. Above 2,000 m a.s.l., precipitation gradually decreases, with a slight increasing trend at approximately 3,000 m. Next, precipitation significantly decreases. The mean annual value is only 8.87 mm at Kyagar station, which is consistent with the conclusion that precipitation is rare below the snowline in the Shaks- Thus, precipitation, temperature and runoff are expected to continue increasing in the future. The increasing trend is strongest for temperature, and the climate is becoming warmer and more humid.
The DFA scaling exponents for seasonal precipitation are 0.564 and 0.721 for spring and winter, respectively.
Thus, precipitation during these seasons shows long-range correlations and is likely to continue increasing in the future. The scaling exponents in summer and autumn are 0.446 and 0.407, respectively. Therefore, precipitation shows weak anti-persistence and strong randomness in Direct observations indicate that precipitation increases at elevations below 2,000 m a.s.l. at a gradient of 26 mm per 100 m. Above 2,000 m a.s.l., precipitation gradually decreases. To sustain glaciers in the highest peaks of the Yarkant River Basin, there must be a considerable amount of snow in these areas. Therefore, despite the observed precipitation decreases between 2,000 and 5,000 m a.s.l., precipitation likely increases above the permanent snowline. The distribution of glaciers is consistent with the precipitation distribution. The distribution of precipitation shown by the CFSR reanalysis dataset is confirmed by the observed glacier distribution. Although the CMADS dataset underestimates precipitation in the south-western portion of the basin, it is more consistent with directly observed precipitation at monitoring stations than is the CFSR dataset. These climate reanalysis data can provide a basis for future studies of high alpine areas with no data; the CMADS data are more appropriate for use in hydrological models simulating runoff in the Yarkant River Basin.
